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Abstract 
In C. elegans research, transcriptional activation of glutathione S-transferase 4 (gst-4) is 
often used as a read-out for SKN-1 activity. While many heed an assumed non-exclusivity of 
the GFP reporter signal driven by the gst-4 promoter to SKN-1, this is also often ignored. We 
here show that gst-4 can also be transcriptionally activated by EOR-1, a transcription factor 
mediating effects of the epidermal growth factor (EGF) pathway. Along with enhancing 
exogenous oxidative stress tolerance, EOR-1 independently of SKN-1 increases gst-4 
transcription in response to augmented EGF signaling.  
Our findings caution researchers within the C. elegans community to always rely on sufficient 
experimental controls when assaying SKN-1 transcriptional activity with a gst-4p::gfp reporter, 
such as SKN-1 loss-of-function mutants and/or additional target genes next to gst-4. 
Keywords 
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Introduction 
The C. elegans SKN-1 protein, an ortholog of the mammalian Nuclear factor E2-related 
factor (Nrf) protein family, is a key transcription factor involved in the protection against 
oxidative and xenobiotic stresses.1,2 In response to oxidative insults, SKN-1/Nrf is 
phosphorylated by PMK-1/p38 MAPK (among others) in the cytoplasm, after which it 
migrates to the nucleus to bind regulatory antioxidant response elements (AREs) and induce 
the expression of a wide range of antioxidant and detoxifying enzymes. Several ARE-
containing genes are direct SKN-1 targets, such as gst-4 and gsc-1, encoding for the drug-
metabolizing enzyme glutathione S-transferase 4 (GST-4) and the Phase II detoxification 
enzyme gamma-glutamyl cysteine synthetase (GCS-1) respectively. The SKN-1-controlled 
acute transcriptional response to oxidative stress and reactive electrophilic compounds is 
well-conserved between species and has been extensively documented before.1–5 More 
recently, SKN-1 has been implicated in much broader homeostatic functions2, such as 
coordinating a distinct response to alleviate ER stress6, counteracting excessive lipid 
accumulation7 and controlling mitochondrial biogenesis and mitophagy8. Regulatory 
integration through SKN-1 is now believed to continuously coordinate ER, mitochondrial and 
cytoplasmic homeostasis.2,9  
As is easily understood from its biochemical functions, SKN-1/Nrf activation plays an 
important and often essential role in multiple lifespan-extending interventions such as dietary 
restriction (DR)10, reduced insulin/IGF-1 signaling (IIS)4 and others7,11–16. As such, when a 
new longevity-promoting compound or long-lived mutant is identified, SKN-1 transcriptional 
activity is often assayed to evaluate whether this transcription factor mediates the effects of 
said mutation or compound. While the in vivo transcriptional activity of other longevity-
associated transcription factors such as the IIS transcription factor DAF-16/FOXO can easily 
be visualized using direct translational GFP reporters in C. elegans17,18, for SKN-1 this can be 
a more challenging task due to a rather low expression level of its reporter fusion protein3.  
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Currently, SKN-1 transcriptional activity is often indirectly assayed via a transcriptional 
reporter construct of the gst-4 promotor (gst-4p::gfp or Pgst-4::gfp; strain CL2166) which 
shows increased GFP levels when transcription is activated in vivo.7,11,12,15,19–30 By using gst-
4 transcription levels as a proxy for SKN-1 activation, the problem of a low GFP signal is 
mitigated. Additionally, it is possible to obtain a quantitative indication of the gene‟s 
transcription levels, instead of merely being able to discriminate between cytoplasmic or 
nuclear localization of a transcription factor. SKN-1 dependency can further be verified using 
a skn-1 null mutant background (such as the CL691 strain, gst-4p::gfp;skn-1(zu67) 
genotype), skn-1 RNAi and/or probing additional target genes.7,11,12,15,19,20,23,26–33 A problem 
arises, however, when GST-4 is used as the sole readout for SKN-1 activation, in the 
absence of aforementioned controls.21,22,24,25 Based on our current observations, the 
interpretation of gst-4p::gfp fluorescence in vivo is indeed not straightforward. 
We previously reported on the activation of epidermal growth factor (EGF) signaling in C. 
elegans by royalactin, a honeybee protein capable of extending this worm's lifespan.34 Since 
SKN-1 has been shown to be activated through EGF signaling under certain conditions35,36, 
enhanced SKN-1 activation and a corresponding increase in gst-4 transcription can be 
anticipated in royalactin-treated worms. Here we show, however, that while EGF signaling 
indeed activates gst-4, this is controlled by EOR-1 and occurs independently of SKN-1. We 
thereby advocate the use of sufficient experimental controls when assaying SKN-1 
transcriptional activity using gst-4p-based reporters. 
Results 
Enhanced EGF signaling leads to increased gst-4 transcription 
We assayed gst-4 transcription levels by measuring fluorescence of a worm population 
carrying the gst-4p::gfp transcriptional reporter construct, both on a population level and via 
fluorescence microscopy of individual worms, at multiple time points (Fig. 1A). Growing the 
worms on plates containing the EGF signaling-promoting compound royalactin results in a 
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clear and significant increase in fluorescence intensity which is maintained to at least day 4 
of adulthood. Similar increases in fluorescence of ca. 60% were obtained using a gain-of-
function mutant of the EGF receptor carrying the gst-4p::gfp reporter (Fig. 1B). Both results 
indicate that enhanced EGF signaling leads to increased gst-4 transcription.  
Functional SKN-1 is not needed for the increase in gst-4p-driven GFP fluorescence 
following royalactin treatment, but EOR-1 is 
It can now be asked whether SKN-1 is needed for the observed increase in gst-4p::gfp 
expression. Knockout of skn-1 results in a clear decrease in reporter fluorescence intensity of 
~46% under baseline conditions (Fig. 2A-B), as can be expected based on previous 
publications1,4,15,37. Any remaining gst-4 expression in these untreated skn-1(-) animals is 
relegated to the body wall (Fig. S1). However, even when skn-1 is knocked out, gst-4 
transcription still increases following royalactin treatment (Fig. 2A-B): the observed increase 
of 66% in mean fluorescence (pt-test = 0.0051) indeed roughly corresponds to the increase 
seen in wild-type animals in the same (+52%, pt-test = 0.042; Fig. 2A) or equivalent 
experiments at comparable time points (Fig. 1). Additionally, the fluorescent signal no longer 
remains restricted to the body wall after royalactin treatment (Fig. S2). Thus, functional SKN-
1 does not appear to be essential for the increase in gst-4 transcription mediated by 
royalactin. 
Knockout of eor-1, encoding a transcription factor situated downstream of EGF signaling, by 
itself also decreases mean fluorescence intensity of the gst-4 transcriptional reporter (-
27.6%, Fig. 2A-C), though to a lesser extent than skn-1 knockout. Hence, one can infer that 
under standard conditions EOR-1 contributes to gst-4 transcription, but less so than SKN-1. 
Furthermore, knockout of eor-1 abolishes the increase in gst-4p-driven reporter fluorescence 
following royalactin treatment (Fig. 2A-C). Thus, EOR-1 appears to be essential for increased 
gst-4 transcription in royalactin-fed animals.  
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In contrast to SKN-1, functional EOR-1 is not needed to increase gst-4p::gfp expression 
following exposure to exogenous oxidative stress (H2O2). When briefly incubating animals in 
10 mM H2O2, eor-1(cs28) mutants still show a significant increase in gst-4p::gfp expression 
(+63.8%, pt-test = 0.0019, Fig. 2C), while it is known that skn-1(zu67) mutants do not
1. Thus, 
EOR-1 appears to function largely independent of the classical oxidative stress response 
pathway (Fig. 5). 
Royalactin does not increase gcs-1p-controlled GFP fluorescence 
To verify the absence of SKN-1 activation after royalactin treatment, we measured the 
activation of another SKN-1 target gene: gcs-1. gcs-1 codes for the C. elegans ortholog of 
the gamma-glutamyl cysteine synthetase heavy chain, which catalyzes the rate-limiting step 
in glutathione biosynthesis, and is involved in the oxidative stress response pathway. In the 
absence of stress, the gcs-1p::gfp-encoded reporter (LD1171 strain) is mainly expressed in 
the pharynx and ASI neurons, and only at very low levels in the intestine.3,4 Upon exposure 
to oxidative stress (e.g. by the herbicide paraquat, arsenite or heat), intestinal expression 
drastically increases. Both the constitutive reporter expression in the ASI neurons and the 
inducible expression in the intestine are believed to be SKN-1 dependent,3 but EGF 
signaling-independent.38 In line with this, we did not observe an increase in fluorescence 
levels after treating gcs-1p::gfp nematodes with royalactin (-3% mean fluorescence intensity; 
pANOVA = 0.86; Fig. 3).  
EOR-1 is essential for royalactin-mediated resistance to exogenous oxidative stress 
To estimate the phenotypic effect of royalactin treatment in C. elegans, we assayed oxidative 
stress resistance in wild-type adults. We found that royalactin-fed worms show an increased 
survival after exposure to exogenous oxidative stress (i.e. incubation in H2O2), compared to 
the untreated control (Fig. 4). After one hour of recovery in the absence of hydrogen 
peroxide, the effect is most striking: 23 ± 3.6% of the royalactin-fed worms survive versus 8.4 
± 1.8% of the control animals (ca. 2.7-fold increase in survival; pt-test = 0.0052; pANOVA = 
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0.023). This increased stress resistance is abolished in eor-1 knockout animals at any time 
point (Fig. 4; pANOVA(0 min) = 0.94, pANOVA(60 min) = 0.94). These results indicate that royalactin 
mediates oxidative stress resistance in an EOR-1-dependent fashion.  
Discussion  
EOR-1 mediates royalactin’s beneficial effects and increases gst-4 transcription 
independent of SKN-1 
We previously demonstrated that the honeybee protein royalactin, also known as major royal 
jelly protein 1 (MRJP1) or apalbumin 1, extends C. elegans lifespan via EGF signaling.34 The 
EGF pathway regulates longevity via maintaining protein homeostasis, largely independent 
of insulin/IGF-like signaling (IIS).36 Here we pinpoint the EOR-1 protein, a BTB/zinc-finger 
transcription factor similar to mammalian promyelocytic leukemia zinc-finger protein (PLZF), 
as a mediator of royalactin‟s beneficial effects regarding resistance to exogenously applied 
oxidative stress in C. elegans. EOR-1 is situated downstream of the EGF signaling cascade 
and is highly likely a direct target of Ras-MAPK signaling.38–40 Together with its obligate 
binding partner EOR-2, EOR-1 regulates lifespan and proteostasis in adult nematodes, in 
part by stimulating the activity of the Ubiquitin Proteasome System and regulating the 
transcription of geroprotective genes.38 
Our data show that EOR-1 is required for enhanced exogenous oxidative stress tolerance 
following royalactin treatment. This phenotype may in part be due to EOR-1-mediated, but 
SKN-1-independent transcription of the cytoprotective gst-4 gene. This EOR-1 dependence 
is consistent with our previous findings showing that royalactin-mediated longevity is reliant 
on EGF signaling.34 
Functional SKN-1 is seemingly not needed to increase gst-4p-controlled GFP levels following 
royalactin treatment, whereas the increase in fluorescence levels is abolished in a mutant 
lacking functional EOR-1. This implies that EOR-1, but not SKN-1, is necessary for the 
royalactin-dependent transcription of gst-4. Our results are in agreement with observations 
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from a genome-wide ChIP-Seq study, where a potential EOR-1 binding site was identified in 
the gst-4 promotor.41 Yet, the in vivo relevance of this finding was never validated up until 
now. Additionally, a microarray study of Liu et al. found gst-4 to be highly upregulated in an 
EGFR gain-of-function mutant38, in line with our results showing enhanced gst-4 transcription 
after stimulating EGF signaling. Considering previous evidence34,38–40, it is reasonable to 
assume that the activation of EOR-1 is itself dependent on the EGF pathway. 
We hypothesize that enhanced EOR-1 activity alone is sufficient to induce gst-4 transcription, 
and acts in parallel to the classical SKN-1 cascade which is generally activated upon 
exposure to oxidative stress (Fig. 5). This is the first report showing clear evidence that the 
transcription of gst-4, coding for an important enzyme in the phase II antioxidant response, is 
activated by another transcription factor than SKN-1.  
Conclusion 
Our work uncovers a new role for the EGF pathway in regulating transcription of the gene 
coding for the cytoprotective enzyme GST-4 in the absence of oxidative stress. We 
furthermore show that EOR-1 is essential for enhancing oxidative stress tolerance when 
treating C. elegans with the EGF signaling-promoting compound royalactin.  
Our results point out that gst-4 is not under exclusive transcriptional control of the SKN-1 
transcription factor, as is too often assumed. While SKN-1 is an important transcription factor 
– often justly referred to as a „master regulator‟ of antioxidant and detoxification genes – it is 
clearly not the only one responsible for activating these genes. Future research will likely 
uncover additional direct regulators of gst-4 transcription, next to EOR-1 and SKN-1. 
Materials and methods 
 Worm strains  
The following strains were obtained from the Caenorhabditis Genetics Center (CGC), which 
is funded by NIH Office of Research Infrastructure Programs (P40 OD010440): N2 wild-type 
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Bristol, PS1839 let-23(sa62), UP233 eor-1(cs28), CL2166 dvIs19[(pAF15) gst-4p::gfp::nls], 
CL691 dvIs19;skn-1(zu67)IV/nT1[unc-?(n754) let-?] and LD1171 ldIs3[gcs-1p::gfp;pRF4(rol-
6(su1006))]. Throughout the manuscript, the skn-1(zu67) and eor-1(cs28) alleles are referred 
to as skn-1(-) and eor-1(-), respectively. skn-1(-) homozygous animals were identified by the 
absence of the unc mutation carried by the nT1 balancer chromosome, and an absence of 
living progeny (since maternal import of SKN-1 is required for larval survival)42,43. Maternal 
SKN-1 establishes the fate of the mesendodermal precursor cell in the 4-cell embryo, and is 
believed to disappear after the 8-cell stage.43 While the homozygous skn-1(zu67) worms 
develop due to maternal SKN-1 from their heterozygous parents, the mature and infertile 
skn-1(zu67) homozygotes lack functional SKN-1 and the allele employed here can thus be 
used to study the post-developmental functions of SKN-11,3,30,44,45. All strains were cultivated 
at 20°C on standard nematode growth medium (NGM) plates with Escherichia coli OP50 as 
a food source. Age-synchronization was performed through a timed egg-lay using gravid 
adults or through hypochlorite treatment as described previously.34  
Royalactin preparation 
Royalactin was purified from royal jelly via ultracentrifugation (according to ref. 34), and added 
to liquid NGM agar at a final concentration of 1.8 µg mL-1 immediately prior to pouring the 
plates. Royal jelly, produced by worker honeybees (Apis mellifera, hybrid variety „Buckfast‟), 
was purchased in a frozen state from the beekeeper Peter Otte (Graide, Belgium). 
 Crossing strains and genotyping 
We generated the LSC969 [eor-1(cs28);gst-4p::gfp] strain by crossing UP233 with CL2166. 
Homozygous animals were selected based on GFP expression and size estimation of PCR 
amplicons. The following primers were used to detect the eor-1(cs28) deletion allele: 
Forward (5‟-TGGAGAATCGGAAGATCAACGA-3‟) and Reverse (5‟-
TCTTCTGGATTACTCGCCGT-3‟), resulting in a 205 bp fragment for wild-type animals and a 
138 bp fragment for eor-1(cs28) homozygotes.  
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The LSC1255 strain [let-23(sa62);gst-4p::gfp] was generated by crossing CL2166 with 
PS1839. Homozygous animals were selected based on GFP expression, and genotyping of 
the let-23(sa62) substitution allele via Sanger sequencing of the corresponding genomic 
fragment (LGC Genomics, Berlin) with following primers: Forward (5‟-
CTCGGCTTGTCTTGGAGGAT-3‟); Reverse (5‟-TGTGTCCCATTTCTCTGCCA-3‟); 
Sequencing (5‟-ACCCAGACGGAAGATACCAA-3‟). 
 Fluorescence measurements 
Animals were grown on regular NGM or royalactin-containing NGM plates (prepared 
according to ref. 34), from eggs or the L1 stage until the time of measurement. Worms were 
washed thrice in S-basal buffer (0.1 M NaCl, 44 mM KH2PO4, 6 mM K2HPO4) before 
transferring them to 2%w/v agarose microscopy pads (and immobilizing them with 1 mM 
tetramisole hydrochloride) or to wells of a fluorescence-compatible 96-well plate. As a 
positive control we treated animals with 10 mM H2O2 in S-buffer during 30 min, followed by 
an additional washing step. 
In the manual method we used ImageJ v1.4846 to outline and quantify the mean fluorescence 
intensity of individual worms, on images acquired with a Zeiss Axio Imager Z1 microscope. 
Thus, each replicate (n) consists of an individual worm. The laser strength and exposure time 
were held constant for all conditions within an experiment and the background signal was 
subtracted.  
In the automated method, we quantified fluorescence of a larger population of worms using 
an Infinite M200 microplate reader (Tecan, Tecan i-Control v1.3.3: λem = 509 nm, λex= 470 
nm, 5 reads), after filling multiple wells of a Greiner 96-well Flat bottom Black Polystyrol plate 
with an equal volume of worms in S-basal buffer. For each well we used 100 µL of a solution 
with ca. 1 unit of worms per 7 units of buffer. At least 7500 worms, and up to 75 000 worms, 
were used per condition. Thus, each replicate (n) typically consists of thousands of worms. 
The average background signal was subtracted from all readings. To correct for potential 
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differences in worm solution density between the different conditions, all data were 
normalized according to the protein concentration of each condition as determined with a 
Qubit 2.0 Fluorometer (Invitrogen) or a bicinchoninic acid (BCA) assay, with protein 
extraction according to ref. 47. Binning animals into discrete classes (e.g. low, medium, high 
and very high fluorescence in Fig. 2A-B) was based on the mean fluorescence of the 
animals, as quantified via ImageJ. See supplemental Fig. S1 and S2 for more information 
and representative pictures for animals in each class. To analyze the results, one-way 
ANOVA (with Tukey correction for multiple comparisons), Chi-square (for binned data) or t-
tests (with Benjamin Hochberg correction in case of multiple comparisons) were carried out 
using GraphPad Prism 6. 
 H2O2 survival assay 
We slightly modified the protocol of Sonani et al.48 for measuring oxidative stress survival. 
Worms were rinsed from NGM plates at the third day of adulthood and washed thrice with 
M9 buffer (85 mM NaCl, 22 mM KH2PO4, 41 mM Na2HPO4, 17 mM NH4Cl). Then, the 
animals were soaked in 5 mM hydrogen peroxide (H2O2) solution in M9 buffer for one hour in 
a microcentrifuge tube, before transferring them to fresh NGM plates to score survival. Dead 
and surviving worms were counted every hour for all conditions under an optical microscope. 
Animals that did not move when gently prodded with a platinum wire were marked as dead. 
As expected, animals which were incubated in 0 mM H2O2 displayed 100% survival (not 
shown here). Results were analyzed by a 2-way ANOVA, using an arcsine transformation 
and a Tukey‟s HSD post hoc test (with a Benjamini & Hochberg correction for multiple 
comparisons) in R49. 
Abbreviations 
AREs Antioxidant response elements 
DR Dietary restriction 
EGF Epidermal growth factor  
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EGFR Epidermal growth factor receptor  
GST-4 Glutathione S-transferase 4  
IIS Insulin/insulin-like growth factor-1 (IGF-1) signaling  
MAPK Mitogen-activated protein kinase 
MRJP1 Major royal jelly protein 1  
NGM Nematode growth medium 
Nrf Nuclear factor E2-related factor  
PLZF Promyelocytic leukemia zinc-finger protein 
SEM Standard error of the mean 
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Figure 1. gst-4 transcription is increased after royalactin treatment and EGFR activation. (A) 
Fluorescence of the gst-4p-driven GFP reporter increases following royalactin treatment. Fluorescence 
was quantified using an automated (A) or manual (M) method, and normalized to control levels. 
Animals were grown on NGM or royalactin-containing NGM plates from the L1 stage until the time of 
measurement (x-axis), given as hours post L4-adult molt. Positive control: gst-4p::gfp expressing 
animals after soaking in 10 mM H2O2. Error bars: standard error of the mean (SEM), *** p < 0.001, ** p 
< 0.01, * p < 0.05, n the number of biological replicates. (B) EGFR gain-of-function animals also 
display increased gst-4p-driven GFP levels. Fluorescence was quantified using the automated method 
at the first day of adulthood (ngst-4p::gfp = 21, nlet-23(sa62);gst-4p::gfp = 32, *** p < 0.001). 
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Figure 2. Royalactin-mediated gst-4 transcription is dependent on EOR-1 but not SKN-1. (A) 
Knockout of the transcription factor EOR-1, but not SKN-1, abolishes the increase in gst-4p-driven 
GFP fluorescence levels after royalactin-treatment. Fluorescence was quantified using the manual 
method at day 2 of adulthood. Individual worms were grouped into four different bins, based on their 
mean GFP fluorescence (see also Fig. S1 and S2 for representative pictures of animals in each bin). 
** p < 0.01, * p < 0.05, n the number of independent replicates. (B) Representative pictures for each 
condition in Fig. 2A, based on the average fluorescence as quantified via ImageJ (see also Fig. S1 
and S2). (C) Functional EOR-1 is not needed to increase gst-4p-driven GFP fluorescence levels 
following exposure to exogenous oxidative stress (H2O2), yet EOR-1 is essential to increase the 
fluorescence levels following royalactin-treatment. Fluorescence was quantified using the automated 
method at day 1 of adulthood. 
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Figure 3. Royalactin does not increase gcs-1p-driven GFP fluorescence levels, while hydrogen 
peroxide does. Fluorescence was quantified using the automated method at the late L4 stage. The 
number of replicates: npositive control = 16, nNGM = 15, nroyalactin = 15. Error bars: SEM, *** pANOVA < 0.0001, 
NS not significant. Dots represent individual replicates and pooled data from multiple experiments are 
shown.  
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Figure 4. Royalactin-fed worms are more resistant to exogenous oxidative stress, in an EOR-1-
dependent manner. Each condition consists of 5 to 6 biological replicates, with on average ca. 40 
worms per replicate. Error bars: SEM, * pANOVA < 0.05. For the eor-1(-) mutant, solely the first two time 
points were measured.  
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Figure 5. Proposed mechanism of glutathione S-transferase 4 (gst-4) activation. Two parallel 
pathways modulate gst-4 transcription, in response to oxidative stress (left) or altered EGF 
signaling (right). Increased EGF signaling (e.g. via EGFR gain-of-function or via administering 
royalactin), leads to enhanced gst-4 transcription through the EOR-1 transcription factor, situated 
downstream of the Ras-ERK kinase cascade. Similarly, exposure to oxidative stress leads to 
enhanced gst-4 transcription through binding of the SKN-1 transcription factor on AREs in gst-4’s 
promoter. In absence of SKN-1, and particularly in combination with augmented EGF signaling, EOR-1 
can partly take over SKN-1‟s role. The width of the red arrows indicates the relative contribution to 
overall gst-4 transcription levels under basal conditions. Please note that under certain conditions, 
SKN-1 can be activated through the Ras-ERK signaling cascade (indicated by the grey arrow), though 
when administering royalactin this does not appear to be the case. Names of C. elegans orthologs are 
given next to the vertebrate nomenclature. 
